Abstract-This paper presents a probabilistic economic dispatch tool for energy management (EM) studies in the context of remote hybrid ac/dc microgrids (MGs). An EM approach is proposed to ensure a reliable power supply at the minimum cost of the hybrid MG operation. A comprehensive operational framework is presented, which considers topological features of the hybrid MG and the interlinking converter between ac and dc subsections. Approach and models are tested using several operating scenarios referred to a test hybrid MG system. In the analyses, the opportunity of integrating battery energy storage and energy demand management in the EM scheme is investigated. The results of the analyses demonstrate the effectiveness and practicality of the optimization tool in different operation contexts.
NOMENCLATURE

Indices
Final electric vehicles' load, at t in s P L AC,t,s Final AC controllable load, at t in s P L DC,t,s Final DC controllable load, at t in s P AC/DC t,s Interlinking converter's power transfer from AC sub-microgrid to DC sub-microgrid, at t in s P DC/AC t,s Interlinking converter's power transfer from DC sub-microgrid to AC sub-microgrid, at t in s EV t,s
Electric vehicles' load reduction at t in s L AC,t,s
Controllable AC load reduction at t in s L DC,t,s
Controllable DC load reduction at t in s.
Binary Variables
X AC/DC t,s 1 for AC-to-DC power transfer at t in s, 0 otherwise X DC/AC t,s 1 for DC-to-AC power transfer at t in s, 0 otherwise X ch t,s 1 for battery charging at t in s, 0 otherwise X dch t,s 1 for battery discharging at t in s, 0 otherwise.
I. INTRODUCTION
M ICROGRIDS (MGs) are small, self-controlled systems embedding distributed energy resources (DERs) and loads, which can be operated in either grid-connected or islanded mode [1] . Existing MGs often adopt AC systems, but the growing penetration of DC loads, DC-based renewable energy sources (RESs) and DC-based energy storage has recently drawn interest in DC MGs [2] - [5] . Although DC MGs have become an attractive option [4] , [5] thanks to the increasing use of DC technology, nevertheless, in a fast evolving technology and policy framework, the variety of energy applications hinders the definition of clear and reproducible standards for DC distribution. In this situation, hybrid AC/DC MGs -aggregating DERs and loads into distinct AC and DC sub-MGs, tied together by bidirectional interlinking converters [6] , [7] -represent a more likely architecture. Hybrid MGs can be a cost-effective solution to supply affordable and reliable electricity to rural and remote communities, given their unique feature of using locally available generation resources (such as solar, wind, water stream and biomass) to supply the specific demand needs. Despite combining the advantages of AC and DC, operating a hybrid MG brings challenges in power quality, reliability, efficiency and control. There have been several publications addressing dynamics and control of hybrid MGs [6] - [15] . Schemes and techniques for the control of AC and DC subsections of a hybrid MG, as well as of their power electronics interface, are examined in [6] - [9] , for both grid-connected and islanded modes of operation. Focusing on the interlinking converter between AC bus and DC bus, Lu [9] propose a DC-side hierarchical control scheme to analyze both stand-alone and grid-connected DC operation. Interaction dynamics in hybrid AC/DC distribution systems are investigated in [10] , alongside strategies for their mitigation; in this case, small-signal analysis is used to model the input/output DC-side admittance of the system components. Harmonics analysis and harmonics mitigation methods are studied in [12] - [14] for standalone and grid-connected hybrid systems. Chen [13] propose, in particular, a reduction method for the zero-sequence circulating currents between parallel AC/DC interlinking inverters, whereas [14] presents a DC bus voltage control scheme to suppress the transient fluctuations of DC-bus voltage and improve power. Finally, [15] presents a back-to-back converter structure for grid-connected hybrid MGs, which can provide isolated and reliable system connection with improved power flow management. Outside this research, what is still missing in the literature is a comprehensive energy management (EM) framework that can incorporate and address the aforementioned issues in a robust manner [5] .
Optimization-based EM has been well explored in AC MGs or DC MGs [16] - [19] . In hybrid MGs, the EM becomes more challenging because of the interconnection between DC side and AC side through the interlinking converter. There has been some research effort in developing EM tools for hybrid MGs in [20] , where an optimal power flow is presented for scheduling. However, the system configuration proposed in [20] cannot be associated with a typical MG model.
In light of the above, this paper proposes a methodological development in an EM framework for remote hybrid MGs installations, and in this respect its contribution is twofold. First, the paper systemically presents operation and management aspects that define realistic hybrid MG features and EM functionality. Second, it develops a comprehensive optimization-based approach, with related models, for the scheduling and dispatch of the MG's resources. The modeling considers the possible uncertain behavior of energy services.
Following the work in [17] , [21] , and [22] , this paper proposes an EM scheme embedding battery energy storage and energy demand management for ensuring -even in uncertain conditions related to the fluctuations of certain parametersa reliable power supply at the minimum operation cost of the hybrid MG. Then, the proposed optimization modeling approach is based on an economic dispatch (ED) problem formulation, where the objective is minimizing the costs of controllable generators and battery storage operation, as well as of energy demand management carried out on controllable loads, such as thermal loads or electric vehicles (EVs). Operating limits of controllable generators and interlinking converter, battery charge and discharge behavior, demand controllability limits, etc., are mathematically modeled and represented as constraints in the ED framework.
A realistic stand-alone hybrid MG is used to test effectiveness and potential of the EM approach. In the applications, the ED model is used to analyze the operating conditions of all hybrid MG resources that can be controlled and hence participate in the EM scheme, in a set of scenarios that can also correspond to different configurations of the hybrid MG structure. Particular focus is on the contributions of battery, energy demand management and interlinking converter.
The dispatch strategy depends on the hybrid MG configuration and composition. The sensitivity of such a strategy to any variation in the components of AC and/or DC subMGs can change case by case. Since the focus of this paper is on system-level power balance, the interlinking converter operation is mainly assessed through its power transfer potential between AC sub-MG and DC sub-MG, in relation to the behavior of the other resources.
In the presented problems, EM and operation of the hybrid MG are made robust to the uncertainties associated with loads and RESs. Accordingly, the ED model materializes in a probabilistic algorithm, where uncertain loads and RESs are stochastically modeled and all system components, functions and interactions are represented via the most proper mathematical formulation.
The simulations results demonstrate the practicality and robustness of both the EM framework and the ED tool, with respect to the operation of a stand-alone hybrid MG and the coordinated management of its resources.
The current proposal is the first result of a research work aimed at developing a comprehensive methodological platform for studies on electricity consumers gathered in isolated and possibly distributed MGs, tailored to the electrification needs of remote communities, and flexible to any type of DERs, RES' and loads, including battery storage systems and EV services. In this first work, the focus is on managing the active power dispatch for reliable load supply, whereas control aspects related to voltage and/or frequency stability, or to the behavior of the interlinking converter, are not addressed. The rest of the paper is organized as follows. Section II describes in detail the EM methodology for a stand-alone hybrid MG. Section III presents the comprehensive mathematical developments of the ED model. A case study is presented in Section IV, along with simulation results and discussions. Finally, Section V concludes the paper.
II. OPTIMIZATION-BASED ENERGY MANAGEMENT
In a stand-alone hybrid MG with EM embedding battery storage and energy demand management, the EM system schedules the controllable generators in coordination with the operation of all other DERs, battery, and controllable loads, including the EVs. The objective is minimizing the overall operation costs of the hybrid MG while ensuring the continuity of power supply in relation to the end users' requirements. The EM approach depends on the hybrid MG framework, composition and configuration, and the optimized EM strategy is based on the assumption that security constraints on voltage and currents are ensured by the proper technological infrastructure (advanced metering, regulation and protection on lines and components.
The EM criteria is detailed in the following.
A. Hybrid Microgrid Framework
The basic reference MG is depicted in Fig. 1 . The development of this system follows the paradigm of "smart user grid" [21] , [22] where a complex MG can be seen as a grouping of several sub-MGs with suitable interfaces. In this framework, an AC sub-MG is connected to a DC sub-MG through an interlinking converter, so as to form a hybrid MG structure.
The AC sub-MG integrates a wind power plant (WP), controllable generating units (CGU), battery storage (BES), non-controllable ("critical") AC loads (AC Lcri) and controllable AC loads (AC Lctrl). The DC sub-MG includes a photovoltaic-wind system integrated with battery storage (PV-WP) [23] , a unidirectional EV charging station, critical DC loads (DC Lcri) and controllable DC loads (DC Lctrl).
The PV-WP generation group in the DC sub-MG builds upon the system presented in [23] , coupling a solar power unit and a wind power unit with similar capacity, and combining them with adequately sized battery storage to ensure a satisfactory continuity of power supply in relation to certain targets of power production. A proper control apparatus assists the coordinated functionality of the components.
In the basic reference MG configuration (Fig. 1) , the EV station is equipped for unidirectional operation (grid-to-vehicle, G2V, for charging only), and thus has no capability of backfeeding to the grid through power discharging. The reason of this choice is that, at present, the G2V technology is more viable than vehicle-to-grid (V2G, bidirectional, for charging/discharging), due to the lack of relevant legislations and standards for the deployment and commercialization of the latter [24] - [26] . Nevertheless, it seems only a matter of time before V2G can happen, as there are future estimations and plans for it in various countries [24] - [26] . In view of this, it is interesting to evaluate the possible contribution of the V2G service versus pure G2V operation, from the perspective of optimal EM. In this work, V2G is considered in an additional application of the proposed ED tool (ref. case G, Section IV), particularly to demonstrate the modeling flexibility within the considered study framework.
The hybrid MG is considered organized and operated as a multi-agent system, made of several domains (agents) of major functionalities: generation, delivery, storage, power conversion, monitoring, control, and interoperability [1] .
B. Energy Management Criteria
Being stand-alone, the hybrid MG is reasonably considered under the jurisdiction of a local MG operator. This operator is the unique interface with the external environment and the actual aggregator of the MG resources, in charge for their operational planning and management related to technical factors (DERs' capabilities and operating limits) and economic aspects (costs, value, profits).
Individually non-dispatchable RESs, such as wind and solar generation, have to be totally used for energy saving and environmental benefit, leaving to the controllable generators a flexible supply provision according to rating and costs. Many studies have been carried out in the last decade, researching for possibly dispatchable solutions characterized by hybrid RESs combinations integrated with energy storage [23] , [27] , [28] . An example is the photovoltaic-wind power system considered in the hybrid MG under study, which however is not considered dispatchable.
The main duty of the battery storage (BES) is to compensate possible imbalances caused by non-controllable loads and generators, either supplying any power generation shortage or absorbing any extra-generated power. The battery is properly designed, and integrated in the AC sub-MG to ensure the best performance relative to MG-level load balancing support. In this respect, it is presupposed that the battery technology is suitable for long-duration service (e.g., lead-acid or sodium ion battery).
The energy demand management program entails the curtailment of the electricity demand of all controllable loads, including EV batteries. This program considers and achieves an equilibrium between the operating requirements of the hybrid MG and the impact on the energy customers. In the case of controllable loads such as thermal appliances, a certain temperature range cannot be violated, whereas for vehicles there are restrictions imposed by the desired state of charge of EV batteries for transportation purposes. For EVs, equipping the EV station for battery swapping service -which ensures the replacement of discharged batteries with fresh ones -can best suit the implementation of energy demand management [22] . In fact, the EV customers can contract the battery swapping service alongside the charging service, and the EV station operator can arrange a recharge-controlled battery stock as a local reserve, to be kept as an offer of lease to the EV customers if the energy demand management actions call for adjustments in their battery charging schedule.
In principle, V2G service in MGs can address many tasks (e.g., RES generation smoothing, reactive power/voltage control, power quality, peak load leveling, etc.), but the technical and economic feasibility of any of them depends on various factors related to system configuration, control, operation program, and market strategy of both distribution network and EV aggregator [29] . A systemic analysis of V2G realization and employment is beyond the scope of this paper and deferred to future studies. As detailed later, in this work, V2G is included in the rationale of the EM program as a support to load leveling, enhancing the load management performance and effectiveness.
C. Objectives of Optimization-Based Energy Management
The EM goal is optimizing the following actions: a) Scheduling of the controllable generators' power output. b) Curtailment of all controllable loads, including EV recharging, based on the energy demand management criteria. c) Scheduling of battery energy storage charge/discharge. d) Power exchange between AC sub-MG and DC sub-MGs through the interlinking converter. The power balance is primarily achieved by the generating resources. Energy demand management is applied to cover the remaining power balance requirements.
III. ECONOMIC DISPATCH
The presented methodology involves a preliminary network analysis for the hybrid MG, aimed at verifying and calibrating the ED constraints in the configuration and all the operating conditions considered for the optimization studies.
The following modeling components refer to the hybrid MG structure of Fig. 1 . Since the focus is on economic dispatch of active power, all converters (DERs' interfaces and interlinking converter) are assumed working at unity power factor, so the effects of reactive power are not represented.
A. Local DERs-Wind Power Unit in the AC Sub-MG, and Battery-Integrated Photovoltaic-Wind System in the DC Sub-MG
The electricity generated by the wind power unit in the AC sub-MG is related to the wind speed profile [30] , [31] whereas the photovoltaic-wind generation system with battery storage in the DC sub-MG can supply self-produced power independently of solar radiation conditions [23] , [28] . In order to account for the uncertainties in the power produced by these DERs, Monte Carlo Simulation is employed to generate a large number of daily scenarios, starting from realistic 24-hours power output profiles with variations probabilistically modeled through a normal distribution. The sampling is done by assuming the consecutive (hourly) operating states independent.
Scenario Reduction [32] is used to eliminate the scenarios with lowest probability and aggregate close scenarios, though respecting four basic criteria, namely: 1) the "reduced" set of scenarios must be good enough to characterize the stochastic variables; 2) it must capture all events and their likelihood; 3) it must be as small as possible to avoid computational intractability; 4) the resulting solution of the stochastic problem must indicate that the addition of more scenarios to the optimization does not change significantly the optimal value of the objective function.
A normal distribution is the simplest assumption about the interdependence structure of the random variables, and it is probably the best model when there are no particular contextual conditions to characterize the possible deviations from the normal distribution itself [30] , [31] , [33] . In the most usual cases, other statistical distributions -considering slight deviations (e.g., Rayleigh, Weibull) -can be similarly considered [31] .
B. Non-Controllable and Controllable Loads
Hourly (24-hours) probabilistic scenarios are modeled referring to typical profiles of residential and commercial loads, with deviations based on a normal probability distribution function [34] .
Monte Carlo Simulation and Scenario Reduction technique are applied for the modeling, in the same way as for the DERs.
C. Operating Constraints of the Controllable Generating Units
The constraints in controllable generators' power production are as follows:
Constraints (1) enforce the controllable generators' power supply limits, whereas constraints (2) and (3) control the ramp down/up rates. Operating limits and rates depend on the electrical characteristics of the generators.
D. Operating Constraints of the Battery Energy Storage
The battery operation is constrained by the limits in storage capacity and charge/discharge rates, as follows:
Constraints (4) and (5) limit the battery charge/discharge, with X ch t,s andX dch t,s being the "0/1" binary variables defined in (6) to account for the battery charge/discharge cycles. Constraints (7) enforce the limits for the available battery capacity. The hourly available battery capacity is defined by:
Model (4)- (8) strictly relates to the electrical characteristics of the energy storage, and does not depend on the electrical configuration of the MG.
E. Interlinking Converter
In an ED problem, the simplest and yet most appropriate approach to model the interlink converter is by its AC-to-DC and DC-to-AC power conversions [35] , [36] . The role of the device is critical to maintain power balance at a MG level with an adequate power transfer between AC sub-MG and DC sub-MG, which mainly depends on conversion's rated capacity and efficiency [7] .
In this work, the control is assumed as intrinsically addressed and solved a-priori, through an appropriate technological design and selection. Accordingly, the control aspects of the power conversion are not considered in the modeling, which is specifically oriented to the dispatch problem. Hence, the operating constraints can be formulated as follows:
Inequalities (9) and (10) enforce the limits for the power conversion between AC side and DC side. Inequality (11) represents the "0/1" binary variables X AC/DC t,s and X DC/AC t,s to account for the direction (either AC-DC or DC-AC) of the power converted.
F. Energy Demand Management
The energy demand management criteria on controllable loads and EVs can be represented by proper "contracted bands" of possible reduction of the scheduled demand. These bands are set up by agreement between the hybrid MG operator and the electricity customers [22] .
1) Energy Demand Management on Controllable Loads:
Controllable loads are grouped into AC and DC load aggregations featuring some inherent physical properties, the most important of which are aggregated thermal capacity, number of load units and aggregated rated power. The contracted bands of load reduction are mainly constrained by the aggregated rated power and the customers' requirements [22] , [37] . Accordingly, the contracted bands for the curtailment of the controllable loads are formulated as follows:
Constraints (12) and (13) ensure that the curtailed amount of controllable loads stays within the contracted limits at all times.
2) Energy Demand Management in the EV Station: EVs participation in energy services' provision is still at a conceptual stage, and neither recognized rules nor references exist to assign contracted bands to their management. Even for EV load management aimed at the economic dispatch of a hybrid MG -which is the case focused in this work -, different criteria can be used, based on the scope and framework of study [22] .
In general, the contracted bands of curtailment for the EV charging service can be reasonably assumed dependent on technical factors (state of charge and maximum charge/discharge of the EV batteries) and on the type of agreement established with the EV customers. The latter must prioritize customers' convenience at every time. Based on this, the contracted bands for the EV load reduction are formulated as follows [22] :
Constraints (14) limit the amount of EVs charging demand that can be reduced over the hours of the scenarios considered.
In case of EV service management in V2G mode, the connection of the EV station to the DC bus leads to a unidirectional interaction with the DC bus, and to a unidirectional effect on the whole system via the DC bus. For this reason, as later shown in Section IV, 'Case G' refers to a V2G dispatch for DC bus load leveling, as an ancillary service to the hybrid MG economic operation. The V2G service is considered as a scheduled resource, assuming that the EV station operator can set the EV charge/discharge program in "quasi real-time", based on metering apparatus and bidirectional communication network distributed in the MG [21] . This is nowadays realistic, considering the advancement of technology, and given the possibility to include battery swapping in the EV station, which allows the EV operator to reserve a specified EV power potential for the grid support [38] .
Either in G2V or in V2G mode, constraints (14) consider the condition that all batteries admitted to the discharging schedule comply with prefixed limits for the state-of-charge.
G. Cost of Battery Operation for Power Balance
The battery is operated to exchange power with the hybrid MG by charge/discharge, based on the generation/load balance needs. The cost of this service is dictated by the amount, the specifications, the reliability, the time, and the frequency of charge/discharge cycles contracted by the MG operator [39] , but can be aggravated by existing organizational and operational constraints, as well as financial obligations (debts, loans, etc.) for the battery owner. Possible uncertainties and corrective factors can also influence the cost, in relation to the jurisdiction, the organization and the operation of the MG. All this is considered in the proposed EM system, and represented in the ED tool by a cost function associated to the battery cycling.
The cost function proposed in this paper builds upon an accredited battery cost model available in [40] , correlating the hourly cost of battery operation (Cost B t,s ) to a base cost coefficient (c B ), state-of-charge and hourly available battery capacity. Its formulation is as follows:
Compared to the model in [40] , function (15) is more accurate in the definition of c B . In fact, while c B is simplified in [40] as a mere cost of battery wear, obtainable from the manufacturing information, this paper defines the cost coefficient -in principle -as a function of all the aforementioned factors. In practice, the value of c B is determined by the factors -among those mentioned -that are actually relevant and specific to the case study.
In (15), k SOC min is a scalar parameter associated to the minimum state of charge of the battery. It can be derived by the manufacturing information. Equation (15) implies that it is more economical to operate a battery at a higher state of charge. Physically, this is because low state of charge causes mechanical stress on the active masses and battery sulfation in lead-acid batteries.
H. Complete Economic Dispatch Model
Considering the stochastic modeling of RESs' and loads' behavior, the complete ED model materializes into a probabilistic mixed integer nonlinear program (MINLP), the objective of which is determining the minimum cost of operating the controllable hybrid MG's resources, subject to a certain number of constraints, as follows. 
1) Objective Function:
This represents the expected costs of operating the hybrid MG. It is calculated as the summation over time t (where t is a hour), in all weighted probabilistic scenarios s (π(s): probability/weight of scenarios), of the following terms: a) Cost CGU t,s = ρ CGU · P CGU t,s : cost of power supply from controllable generators at t in s (P CGU t,s : controllable generators' power output at time t in scenario s, ρ CGU : unit cost of controllable generators' power production); In the objective function, all cost terms are minimized simultaneously. "Importance" weights (0 < w i < 1 ) could be integrated as coefficients of the individual costs in order to minimize these costs with priorities. Moreover, each probabilistic scenarios is assigned probability/weight π(s) equal to 1, under the assumption of scenarios s having the same realization likelihood.
2) Constraints (1)- (14) : These have been discussed in the previous sub-sections.
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Equations (16) and (17) ensure the power balance at t in s, respectively in AC sub-MG and DC sub-MG.
4) Definition of Controllable Loads' and EVs Charging Demand:
Equations (18)- (20) define the load reductions ( ) operated by the MG operator -based on the energy demand management and the power balance needs -and the corresponding final loads, for: AC controllable loads (equation (18)), DC controllable loads (equation (19)), and EVs (equation (20)).
The above ED problem is formulated neglecting power losses. This is possible in the case of small MG installations for remote communities (such as the proposed case study), where the system losses are typically not so significant given the short distances between components [41] .
IV. CASE STUDY
The results of applying the ED model to the test standalone hybrid MG of Fig. 1 are presented in this section. All analyses are performed for t=1,. . . ,24 hours, using KNITRO solver engine. The following cases are considered: -Case A: base case used to validate the ED tool. -Case B: loss of a controllable generating unit. -Case C: energy storage is not part of the EM system. -Case D: the interlinking converter capacity is progressively reduced up to the minimum possible, at unity power factor.
-Case E: the EVs have reduced controllability due to exclusion of swapping service. -Case F: the EM is influenced by the mechanisms of electricity markets and the possibly varying ratio of renewable and controllable resources to non-controllable ("critical") demand.
-Case G: the possibility of V2G contribution to the EM of the hybrid MG is considered, in the same framework and conditions as Case F's.
The abovementioned cases are specifically selected to evaluate and highlight the practicality and flexibility of use of EM approach and models. Following Case A, Cases B-E focus specific operation and management aspects, demonstrating that the ED tool is effective to assess the operating status of the hybrid MG in different scenarios and problems. Particularly, these cases address technical aspects, such as reliability (e.g., Cases B and C), load imbalance (Case E), or the advantages of EM systems with battery energy storage (Case C) and/or energy demand management (Cases C and E). Case F, instead, is particularly market-oriented, assessing the MG operation in one of the typical time-based electricity pricing frameworks. Finally, Case G assumes that the EV charging station is equipped with a storage stock obtained by onboard/onsite EV batteries, of sufficient capacity to provide V2G ancillary service, based on a strategy to address load leveling at the DC bus through the optimization tool. This strategy can improve the total power absorption profile of the hybrid MG and thus its energy efficiency.
With respect to all considered cases, the topological features of a stand-alone hybrid MG have to be critically evaluated in relation to different scenarios and problems, in order to make the MG's operational framework robust against contingencies. This has been done for the hybrid MG under study.
The quantitative and qualitative results of the assessments represent a database that the hybrid MG operator can use for planning ahead actions on the system, related not only to the operation, but also to contingency management and maintenance.
A. Assumptions and Data in Case A
The base case considers the availability of all hybrid MG's resources, with data modeled in accordance to the typical LV power distribution levels (kW).
1) Controllable Generation:
The grouping of two 250kW units is considered. Data are given in Table I .
2) RESs: Referring to the data in [22] for the wind power unit, and to the data in [23] and [28] , properly rescaled, for the battery-integrated photovoltaic-wind power system, the set of probabilistic scenarios of power outputs for these DERs is obtained through combined Monte Carlo Simulation and Scenario Reduction technique, following the criteria described in paragraph a) of Section III. A set of 10,000 hourly (24-hours) scenarios, normally distributed, is generated by Monte Carlo Simulation, and this set is reduced to 1,000 samples by Scenario Reduction. In the Monte Carlo Simulation, the standard deviation is assigned as constant over the 24 hours, assuming that it is not significantly influenced by variations during the day. The hourly mean values (over all probabilistic scenarios) of the power output profiles are given in Table II , whereas Fig. 2 shows the probabilistic distribution of the data dissemination diagrammed for the RESs outputs, at one particular hour of the day (12 p.m.). 
3) Battery Storage:
A lead-acid battery bank, suited to long-term use, is considered. The technical data are provided in Table I . 6) Interlinking Converter: It is formed by a bank of three 500kVA bidirectional converters, all with 100% conversion efficiency in both directions (AC-DC and DC-AC), for a total base rating of 1.5MVA.
4) Non-Controllable and Controllable Loads
7) Costs:
The unit cost of controllable generators' power is considered fixed. The reference value (ρ CGU = 0.06 e/kWh) is taken from historical pricing data. Costs of energy demand management on controllable loads and EVs are referred to a dynamic pricing structure. These costs are slightly higher than controllable generators', related to the resources' size and features [42] . The battery cost coefficient c BW is assumed equal to 0.107 e/kWh, and scalar parameter k SOC min is assumed equal to 0.15.
8) Contracted Bands of Energy Demand Management on Controllable Loads and EVs:
They are hierarchically assigned based on the expected demand requirements: 75% of the scheduling is assumed for controllable loads, and 85% of the scheduling for EVs. The higher value of the EV contracted band complies with the structure and organization of the EV station, which is provided with swapping facilities in case the charging cannot be accomplished. 
B. Results
1) Case A:
The results for Case A are depicted in Fig. 3 , which shows the hourly mean values (over all probabilistic scenarios) of the operating conditions of the hybrid MG resources, in terms of: active power dispatch of the controllable generators; "available battery capacity" (i.e., the remaining storage space in the battery bank, consequent to the number of charge/discharge cycles in a hour); interlinking converter's power transfer from AC sub-MG to DC sub-MG; curtailed (final) profiles, vs. initial (scheduled) demand, ofrespectively -controllable AC loads, controllable DC loads and EVs.
From Fig. 3 , "CGU power dispatch" subplot, it can be observed that the controllable generation works at almost full capacity during daytime, supplying less electricity during night and early morning. This outcome is reasonable considering the lower controllable generation's cost. Also, from the related subplots, it can be seen that the EV load is subject to some curtailment only during night-time, whereas the controllable AC and DC loads are curtailed during the daytime. This is due to the costing dynamics of the energy demand management, for which the controllable loads are cheaper during most of the times (ref. unit costs in Table II ). The "available BES capacity" subplot shows the battery being almost emptied during night and early morning times (in fact, the available storage space almost equals the maximum capacity), which means that when the hybrid MG cannot count either on electricity supply from the controllable generation, or on load curtailment, the load balance requirements are covered by the battery alongside the RESs. This outcome demonstrates the effective coordination and interoperability of the MG resources based on the operated EM program. With respect to the interlinking converters' power transfer, which is shown in the "ILC power transfer" subplot of Fig. 3 , it is directed from the AC sub-MG to the DC sub-MG at all times. This applies to this base case and also to the following cases studied, as expected for the considered hybrid MG, where the weaker DC sub-MG calls for support from the AC DERs.
It is important to highlight that the representation of the battery's status in terms of hourly "available capacity" cannot describe the decay trend in the battery, which depends on the number of charges and discharges during each hour. In the real practice, the trend of this decay can be monitored by dedicated EM system apparatuses, comparing the frequency of the charge/discharge to the nominal decay data, which is also important to define the base cost coefficient (c B ) (ref. paragraph g) of Section III).
2) Case B: The loss of 50% of controllable generation capacity causes significant curtailments of controllable AC and DC loads, as well as of EVs, at all times. This is shown in Fig. 4 , where the results of Case B are compared with those of Case A. From this figure, it can be seen that the curtailment in Case B is particularly higher during daytime for controllable AC and DC loads, and about 50% of the initial scheduling at all times for the EVs. This outcome demonstrates the importance of energy demand management. Absence of this functionality in the EM scheme, or limited controllability of the responsive loads, strongly decreases the flexibility of the hybrid MG operation and the reliability of power supply to customers.
Simulation results also show that the loss of a controllable generation unit impacts on the patterns of interlinking converter's power conversion from AC sub-MG to DC sub-MG, as well as of battery dispatch. This is clearly represented in Fig. 5 's subplots: compared to Case A, the interlinking converter's power transfer is generally reduced over the 24 hours (up to 50%), and the free storage space within the battery is significantly lower during morning (09:00-13:00) and in the early evening (18:00-24:00). Such patterns highlight that the AC/DC power conversion is generally exploited for electricity dispatch over the hours, evidently compensating the possibly reduced supply potential of the controllable generation, alongside the wind power source and the battery storage.
3) Case C: Constraints (12)- (14) are relaxed to assess the sensitivity of controllable loads and EVs to the absence of battery storage in the AC sub-MG. Results in Fig. 6 compare this case with the base Case A, showing that the exclusion of the battery from the EM (Case C) yields a significantly higher curtailment of controllable AC loads and EVs, particularly during daytime. The curtailment of controllable DC loads even reach the unacceptable level of 100% of the scheduling at some hours. Furthermore, the controllable generation is forced to work closer to its limits.
The outcomes of this case can be detrimental not only to the hybrid MG security (i.e., the MG components -in this case the controllable generation -are forced to work in more stressful conditions), but also to the electricity users' satisfaction (due to the dramatically increased curtailment needs). This indicates the importance of embedding battery storage support in the EM scheme, and reinforces the findings of Case B about the benefits of joint energy demand management integration.
4) Case D:
A parametric analysis is carried out by reducing the interlinking converter rating, to assess the relationship between the power transfer capability of the device and the operating behavior of the other resources within the MG. Comparing the results of this analysis with those of Case A, some conclusions can be drawn on the optimal size of the converter.
Specifically, results show that reductions of the interlinking converter capability up to 500kVA do not affect the other resources' operating pattern, but further reductions yield infeasibility of the optimal scheduling problem. This suggests that, a 500kVA-sized interlinking converter can be optimal (all other conditions being equal to those assumed in Case A), not only for the hybrid MG operation, but also for saving on initial investment costs and future maintenance costs related to the presence of the converter device.
5) Case E:
A parametric analysis is carried out to assess the impact of EV controllability reduction on MG's operation and costs. The controllability is progressively decreased by 5% steps of reduction, from 85% up to reaching infeasibility (at about 45%).
The simulations show that the reduced controllability of EVs does not impact on the hybrid MG operation in global terms, as it only affects -but not significantly with respect to Case A -the curtailment of controllable AC and DC loads in certain hours of the daytime. Correspondingly, some economic impact can be seen, as the total costs of operating the MG over the 24-hours slightly raise with respect to the base case (ref. Fig. 12 ).
6) Case F:
To prove further the flexibility of the ED model, its sensitivity to the energy service parameters is investigated, considering two aspects. The first is the possible range of energy users' requirements, and the second is the influence of a time-based costing of the MG operation. The latter is an important parameter to consider in the operation of the available resources over the day.
The hybrid MG operating conditions are assessed with a different ratio of renewable and controllable resources (solar and controllable generation, battery storage, and controllable loads including EVs) to critical demand, and considering a timebased tariff set for the controllable generators' dispatch. Then, the initial assumptions, discussed in Section IV-A for Case A, are modified as follows: -Critical AC and DC loads are deterministically remodeled as residential profiles with typical morning and evening peak demands. These profiles are shown in Fig. 7 , alongside the other load profiles ("mean value" profiles for the stochastic controllable loads). -Contracted bands of energy demand management on controllable loads and EVs are assumed equal to 100%, to assess the sensitivity of the energy demand management actions to the considered scenario.
-The solar power production is remodeled as dependent on the light conditions (solar radiation), according to the daily output profile of a PV unit not supported by storage or additional generators. The mean values, over all probabilistic scenarios, of the selected profile is depicted in Fig. 8. -The unit cost of controllable generators' power supply is remodeled on a time-of-use basis, assuming: ρ CGU = 0.08 e/kWh at 00:00-07:59, ρ CGU = 0.12 e/kWh at 08:00-17:59, and ρ CGU = 0.16 e/kWh at 18:00-23:59. These values are referred to historical pricing data of European electricity tariffs. Fig. 9 shows the results of this case compared to those obtained in Case A, where a fixed tariff was assumed for the controllable generators to investigate the MG operation from a mere technical perspective not influenced by timedbased pricing strategies of electricity providers. In this figure, the "CGU dispatch" and "available BES capacity" subplots show that the controllable generation and the battery work coordinately with the RESs, dispatching electricity to meet the critical load needs when the solar power is not available. The fact that the controllable generation works at full capacity, demonstrates that its operating condition is influenced more by the availability of the other resources than by the time-based pricing.
As for the controllable AC and DC loads, Fig. 9 shows that these are subject to more curtailment than in Case A during daytime, and especially during the hours of critical peak demand (07:00-12:00 and 18:00-23:00). Instead, the EV charging is generally curtailed during evening and early morning (when the demand management price is low), more in the hours of evening peak demand (19:00-24:00). So, the energy demand management actions compensate the peak demand from critical loads during low light conditions as well as the higher cost of electricity supply from controllable generators.
Finally, the interlinking converter transfers power to the DC sub-MG according to the load balance requirements, at higher rates during the peak demand hours. 7) Case G: Compared to Case F, Case G introduces the V2G service into the ED simulation records, assuming that the EV charging station is provided with an extra battery stock correspondent to a predetermined amount of energy reserved for V2G delivery. The battery stock is detracted from a mix of recharged swapping and onboard battery packages available as storage resources in the EV charging station. The considered scenario is presented in Fig. 10 : a daily V2G program is carried out from 07:00 to 20:00, to level the EV absorption profile, and the used batteries are recharged overnight within the low cost time slot (so that the EV service agent can reduce the recharging costs).
The difference between the unitary costs of bidirectional V2G service in case G and of unidirectional EV service in case F is considered not significant. DC bus, as represented in Fig. 11 , the curtailment of both AC and DC controllable loads is generally reduced over the daytime, compared to case F. Specifically, the scheduling of the DC controllable loads appears unaltered during the daytime, and curtailed only in a few evening hours. So, the V2G service is particularly beneficial for the DC sub-microgrid in reducing the load sharing margins of the internal resources, contributing to the overall improvement of the load management in the hybrid MG. The EV service operator can use V2G to manage the contracted bands of EV load sharing and shedding, based on the economic objective of the hybrid MG.
C. Comments on Optimal Operating Costs and Resources Contribution
The optimal values of the objective function, which are given in Fig. 12 for all simulated cases, indicate a clear alignment between the economic results and the technical outcomes. In fact, higher hybrid MG operation's costs can be seen in the most inconvenient operating scenarios, i.e., when the controllable generation's capacity is reduced (Case B, e 14,933), or when the battery energy storage is not included in the EM (Case C, e 18,637), or when the EVs have reduced controllability (Case E, e 9,486). On the contrary, the most cost-effective operation is realized in the other cases (Case A, e 9,475 and Case D, e 9,395), when all resources are available and managed according to the base EM scheme.
Case D (500kVA-sized interlinking converter) yields the most economic operating costs (e 9,395). This reinforces the findings discussed in the previous sub-section for Case D, indicating that, for the hybrid MG selected, and under all other assumptions of Case A, the reduced size of interlinking converter is optimal, because it does not affect the operational performances of the MG resources and has yet the best level of cost-effectiveness.
The highest costs of the MG operation in Case F (e 22,492) reflect the dynamics of the time-based pricing strategy actuated on the different services by the respective sellers (being them the resources' owners or the MG operator). In this case, the time-of-use pricing better represents the true cost of power. It charges more the end-users when the electricity is more expensive to produce, and encourages to use power when rates are lowest. Compared to Case F, the lower costs obtained in case G (e 20,682) indicate the economic benefit of introducing load leveling by V2G into the EM program of the DC sub-MG. Fig. 13 shows the participation in the power dispatch of generation and battery storage, over the 24 hours and in all cases considered. In this figure, it can be seen that the potential of both controllable generation and RESs is fully utilized at most of the times, so that the battery storage discharges power just according to the unsatisfied balance requirements and to the objectives of minimizing its costs and degradation. 
V. CONCLUSION
This paper has proposed an EM approach, supported by an ED tool, for the efficient and reliable operation of remote hybrid AC/DC MGs. The approach is robust to possible uncertainties, and accordingly the modeling considers the probabilistic behavior of certain parameters related to the available energy service. The EM approach relies on battery energy storage and energy demand management.
Studies on a test hybrid MG have validated the proposed EM scheme and models in a variety of operating scenarios. One of these scenarios considers the use of V2G for energy efficiency purposes, in particular load leveling at the DC bus, which improves the total power absorption profile of the hybrid MG. The results have proved the effectiveness of the ED tool and its practicality and flexibility in operation under different conditions, The implementation of the methodology into the case study has highlighted that the ED tool manages a variety of aspects in hybrid MGs, such as the optimal sizing of the interlinking converter.
The ED tool can support planning studies, serving as a simulator. Its effectiveness, flexibility and practicality in operation make it even more suitable for the scheduling of the hybrid MG, with the integration of procedures for the data updating.
The probabilistic structure of the models allows a scalable assessment of uncertainties and challenges in hybrid MGs' design. In this respect, the applications presented in this work have shown the advantages of integrating battery storage and energy demand management in the EM system, in terms of reliability and cost-effectiveness of power supply.
With the modeling of the cost of battery participation in the dispatch service, this work gives some methodological cues about the practical and applicative characterization of the battery decay, which is particularly critical to assign an economic value to the service of the device. This challenge is conceptually raised in this work, and will be the specific subject of future studies.
